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Abstract 
In tube hydroforming process, due to friction condition, uniform wall thickness and sharp corners may not be achieved. Use of 
ultrasonic vibration can improve the contact conditions at the tube-die interface. The current work studies the effect of applying 
ultrasonic vibration on wall thickness and corner filling of hydroformed tubes. In order to understand the process an analytical 
model based on geometric relationships and stress-strain states has been established. The wall thickness and corner radius of 
hydroformed tube can be obtained by solving the model. By comparing the results of the FEM models of tube in two cases of 
ultrasonic hydroforming (internal pressure along with the oscillations of the die) and conventional hydroforming (internal 
pressure only), the effects of vibration on wall thickness and corner filling are investigated. The results indicate superimposing 
ultrasonic vibrations to the process will increase corner filling ratio of the tube significantly, and more uniform tube wall 
thickness will be achieved. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of “Petru Maior” University of Tirgu Mures, Faculty of Engineering. 
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1. Introduction 
Tube hydroforming is a useful method for producing integrated and seamless parts with less number of 
production processes and more desirable mechanical properties. This process has been considered extensively in 
recent years. In this process, the components are formed by internal pressure of a fluid, and, in some cases, axial 
displacement applied to tube ends to makes the metal flow much easier. However, for some hydroforming 
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processes, such as square parts in which the fluid pressure forms work piece into a tube with square cross section, 
axial displacement is not necessary. Since the friction is directly related to the normal pressure applied onto the 
surface, by increasing in the forming pressure, friction between the workpiece and the die prevent the material flow. 
Therefore high friction generated in the contact area causes extra thinning in the corners of the tube. Therefore it is 
not possible to apply further pressure to achieve sharper corners. Since a major portion of this friction is sticky in 
nature, thus development of lubrication condition, which just decreases the sliding friction coefficient, cannot be 
effective significantly at high pressures on the metal flow.  
Researchers have suggested a few methods to overcome these problems, such as changing in the friction 
conditions by developing a relative motion between the die surface and tube wall for a tube with a square cross 
section [1] and for a stepped tube [2]. However, these methods have been specified just for simple and certain 
geometries, and using them in some complex components is not easy task. The simple square piece has been used in 
this study, to show the effect of vibration on the forming process. Based on the results of this study one can apply 
the same method on the complex pieces.  
The ultrasonic metal forming refers to a process in which in addition to the loads applied in the conventional 
process, the die is excited with an extremely high frequency. Some researchers have used the ultrasonic vibrations in 
a few metal forming processes, such as the deep drawing, compression and tension test, and extrusion. T. Jimma et 
al [3] applied radial and axial vibration to the blank-holder and die plate in deep drawing process. They showed the 
limiting drawing ratio (LDR) can be increased using this technique. J. Hung et al [4] performed experimental tests to 
evaluate the friction factor in ultrasonic ring compression test. Results showed that the vibration reduces the 
required compressive force even in frictionless operation. A.A. Akbari Mousavi et al [5] analyzed the effects of high 
frequency vibration on forward extrusion process. Recently, Z. Yao et al [6] utilized high frequency vibration to 
assist micro forming upsetting where due to micro scale size the process was faced with some difficulties.   
Here, it is proposed to apply ultrasonic vibration to tube hydroforming of squared cross section tubes formed 
from round tube blank. The vibration is applied the die while tube is forming under internal pressure. The process as 
it is called Ultrasonic Tube Hydroforming (UTH) for short, is addressed and modeled analytically and numerically. 
The effects of vibration on the forming process have been classified in two categories [7], surface and volumetric 
effects. The surface effects are related to the friction condition and the volumetric effects change the yield and other 
material properties. The conventional and ultrasonic tube hydroforming have been shown and compared in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the conventional hydroforming process, initial tube is formed only by internal pressure. As shown in Fig. 1a 
the friction force between the die and the tube surface, prevent material to flow toward the corners. Therefore the 
corner thickness reduces. Friction force of the die surface in each side is in the opposite direction of the tube wall 
movement and prevents the material to flow.  
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Fig. 1. Schematic of hydroforming a cylindrical tube to a square section in classic and ultrasonic state; 
(a) Classic Tube hydroforming; (b) Ultrasonic Tube hydroforming. 
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In this study the ultrasonic vibration applied on the die. The die vibrations change the friction behavior as shown 
in Fig. 1b. In the two sides which are perpendicular to the applied oscillations, high frequency and micro amplitude 
of the vibrating die results in extremely tiny local opening (gap) in the tube-die interface for a very short period of 
time, as shown for right side of the square in Fig. 1b. Although the tube is under internal pressure but it cannot 
follow the die surface immediately because of material inertia. Therefore during the opening period, one can expect 
that the tube material will flow on the die surface easily due to the tension caused by the internal pressure.  
In the sides which are parallel to the applied oscillations, the direction and speed of die movement affect the 
friction force. Similar to what expressed in [5] for the extrusion process, the relative velocity between the tube wall 
and the die surface (relative speed) (Vrel) is defined using the flowing speed of the tube material (Vf) and vibration 
velocity of the die which is a function of time (Vau (t)), i.e. ሾ ሬܸԦ௥௘௟ ൌ ሬܸԦ௙ െ ሬܸԦ௔௨ሺݐሻሿ.  
In Fig. 1b the status of the tube and die has been shown in a part of the vibration period in which the die moves to 
the right. As is clear, in the left side of the die, similar to the conventional hydroforming, the direction of material 
flow is in the opposite direction of the die oscillation. Therefore friction force opposes material flowing. However in 
the right side, if the linear velocity of the die is more than the material flowing (i.e. ௔ܸ௨ሺݐሻ ൐ ௙ܸ), the relative 
velocity of the tube (Vrel )  will be to the left direction. Therefore the friction direction will be same with flowing 
direction, and friction helps the forming process. At the other half of the time period, die moves towards the left 
direction. Hence vibration helps material flowing in the left side of the tube. Consequently, the frictional effects of 
vibration can be considered in two different ways: gap formation and useful friction.  
2. Analytical Model for tube expansion 
In this section, an analytical model is developed to predict the amount of expansion in the tube hydroforming 
process with square cross section for conventional and ultrasonic modes. To extract the equations some assumptions 
have been considered to simplify the model, such as: 
a) Tube is modeled as a thin-walled with uniform thickness and perfectly circular cross section. 
b) The material is isotropic and homogeneous which obeys von Mises yield criteria. 
c) Since both ends of the tube are fixed, the deformation process is a plane-strain problem; therefore it can be 
analyzed as a two dimensional problem. 
During the tube expansion in conventional and ultrasonic tube hydroforming with square section die, two 
different zones are formed in the tube: Contact or straight zone with variant thickness and free bulging zone which is 
assumed to remain circular during expansion.  
According to [8], the process will be gradually governed by sticky friction condition, as the pressure increases. 
So the proposed analytical model should be able to distinguish the areas with the sticking friction from the sliding 
zones. A sliding- sticking frictional model for conventional hydroforming a tube t0 square cross section was 
provided by Hwang et al. [9]. Analytical model of UTH to determine the tube expansion (thickness distribution and 
corner radius) at a particular internal pressure and given frequency has been developed based on [9].  
In the presented model, tube expansion is considered as a large numbers of small process steps. A numerical code 
is developed to solve the analytical model in MATLAB. This code calculates the amount of deformation, i.e. corner 
radius, thickness in different points of the tube wall and stress and strain distribution, under a given pressure for 
conventional and ultrasonic modes. The analytical model has been developed for understanding the mechanisms of 
deformation in the hydroforming process of a tube to square cross section, when ultrasonic vibration is 
superimposed to the die.  
3. Finite element model 
Numerical simulations have been developed using a commercial finite element software ABAQUS/Explicit. In 
this process, the fluid pressure is applied inside the tube and the square die is supported by the clamping palates as 
Fig. 2a. In the ultrasonic forming, the die is excited by the transducer which is firmly connected to the die body. 
The deformation in axial direction of the tube and die can be ignores, therefore the deformation is plane strain, 
thus 2D model has been used in these simulations. Also, in order to take advantages of symmetry, only one quarter 
of the deformable tube and rigid die are modeled. The FEM model has been shown in Fig. 2b. 
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Mechanical properties of SS316L steel have been used to simulate the material properties. This material has been 
used previously at [2] for Hydroforming of stepped tube. Table 1 shows material properties of tube, dimension and 
forming condition used in the analysis. It is also assumed that the material flow obey the power law asɐ ൌ ͳͶͳͷɂ଴Ǥସ଻.  
The applied loading and boundary conditions play an important role in FEM modeling. Tube hydroforming has 
been simulated in conventional and ultrasonic cases. The conventional hydroforming process only needs applied 
pressure on the internal radius of tube, as well as the symmetric boundary condition and contact with die.  
On the other hand the ultrasonic hydroforming needs vibration of the die with a specific frequency as well as the 
conventional hydroforming boundary condition and loading. As Fig. 2b the transducer excites the die in the 
horizontal direction. In the vertical axis, the die is constrained by pressure of clamping plates transmitted through 
Table 1. Material properties, dimension and forming condition used in simulation. 
Feature Numerical Value 
Density 7800ሺȀଷሻ 
Poisson’s ratio 0.3 
Young Modulus 210 (GPa) 
Yield stress 268 (MPa) 
Diameter 26 mm 
thickness 0.5 mm 
Die dimension A square with the side length of 26 mm 
Hydroforming pressure Up to 140MPa 
Frequency (  ) 20 kHz 
Amplitude (A) 1, 2, 4 and 6 ߤ݉ 
Fig. 2. (a) Schematic illustration of ultrasonic hydroforming a tube to square cross section. (b) FEM model (c) Sinusoidal 
displacement of the die for frequency of 20 kHz and amplitude of 3μm. 
a 
c 
 
a 
Clamping Plate 
Tr
an
sd
uc
er
 
Clamping Plate 
Die 
Sp
ac
er
 
~ 
b 
D
is
pl
ac
em
en
t (
Pm
) 
Time (10-3s) 
0.0 
1.0 
2.0 
-1.0 
-2.0 
-3.0 
3.0 
0.00 0.05 0.10 0.15 0.20 0.05 
94   S.E. Eftekhari Shahri et al. /  Procedia Technology  19 ( 2015 )  90 – 97 
spacers. Since the friction between the die and clamping set prevent the die to vibrate, spacers are used to reduce the 
contact surface area between the die and the clamping set.  
Large numbers of small time-steps have been used as [10] to simulate the displacement of the vibrated die. The 
sinusoidal displacement of the die in FEM model has been shown in Fig. 2c, as an example. 
A surface to surface contact interaction with penalty treatment is defined to determine the nonlinear contact 
behavior between tube surface with the inner surface of the die, also the spacers with the clamping plate. Coulomb 
friction coefficient with a value of 0.15 is used for contact surfaces [11]. 
4. Results and Discussion 
4.1. Analytical and FEM results comparison 
In the previous sections, the tube expansion was studied under different boundary conditions for conventional 
and ultrasonic tube hydroforming using analytical and finite element method. Two parameters have been considered 
to evaluate the results: the tube deformation and tube wall thickness distribution. 
4.1.1. Conventional hydroforming 
In the first step the conventional hydroforming of tube has been evaluated by analytical and FEM approach. The 
corner radius as a parameter for deformation and wall thickness of the tube has been compared between analytical 
and FEM. Fig. 3 shows the corner radius against the internal pressure of the tube. It shows that the corner radius 
decreases with the pressure. The rate of change decreases with increase of pressure.  
The tube wall thickness distribution in the contact length at one side is shown in Fig. 4. The wall thickness 
decreases toward the corner in any pressure. By increasing the internal pressure the contact side increase and at the 
same time the thickness of the wall decrease and its variation increase. In the analytical model the thickness of the 
last contact element and thus the free expansion area are the lowest. However in the finite element model which less 
simplifying assumption issued, the minimum thickness is in the elements close to the end of linear zone. In the free 
expansion region, the thickness increase slightly due to lack of contact pressure of the die surface. 
As one can see in Figs 3 and 4, the analytical and FEM result are in good agreement. In results presented in Fig. 3 
the average of relative difference of corner radius between the simulation and analytical code is 6.8%. In Figure 4, 
the relative difference in wall thickness for pressures 40 MPa and 60 MPa are 0.42% and 0.57% respectively. 
 
4.2. The corner filling ratio increase by applying vibration to the die 
As mentioned earlier, in the conventional hydroforming process as the pressure increases, the friction increases 
proportionally to the normal pressure, and the area with sticky friction, which does not slip, grows. So the metal 
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flow is more difficult, and increase in the pressure for further forming may be impossible. For the thin tube studied 
in this research, the dynamic finite element analysis for conventional hydroforming results a pressure limit of 62 MPa. 
By taking advantage of the die vibration, forming is facilitated. So increase in forming limit and achieve to 
sharper corners may be feasible. In Fig. 5 the corner radii via pressure has been presented for ultrasonic 
hydroforming with different vibration amplitudes and it has been compared with the conventional process. 
Simulation has been performed by applying pressure with the interval of 10 MPa to determine the maximum 
applicable pressure for each process. Also in Fig. 6, the smallest achievable corners radii are shown for the 
ultrasonic process with three different amplitudes and the conventional process. 
 
From the Fig. 5 and 6 it can be concluded that with the increase in amplitude at a certain pressure, the corner 
radius decreases. In addition, with larger amplitudes, the maximum pressure which can be applied in the process 
increases. In simulation with amplitude of 6 Pm due to very small corner radius of tube and mesh failures in corner 
area, it is not possible to analyze deformation for higher pressure. In Table 2, the maximum pressure, minimum 
corner radius (ܴ௠) of the square tube and corner filling ratio are compared. Corner filling ratio is calculated by Eq. 
1. 
(1) 0
0
Corner filling ratio  m
R R
R
  
where ܴ଴ is the initial radius. 
 
Table 2. Comparing maximum pressure, minimum corner radius and corner filling ratio.  
Corner filling ratio  ܴ௠ Radius (mm)  
Maximum pressure 
applicable (MPa)  Process 
55.38 % 5.80  60  Conventional 
75.08 % 3.24  90  Ultrasonic, A=2 Pm 
90.23 % 1.27  140  Ultrasonic, A=4 Pm 
93.92 % 0.79  120  Ultrasonic, A=6 Pm 
 
4.3. Increasing the uniformity of wall thickness distribution 
In addition to corner filling ratio, wall thickness distribution also varies by vibrations applied to the die body. As 
previously mentioned, due to poor metal flow, the non-uniform distribution of wall thickness in the conventional 
hydroforming process is unavoidable. Therefore, one can assume that the die vibrations, that help metal flow, would 
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reduce the non-uniformity of wall thickness. The simulation results show that the effects of vibrations on wall 
thickness depend on the deformation parameters such as internal pressure and oscillation parameters such as 
amplitude. Among the simulations performed with different vibration amplitudes, in Fig. 7 the wall thickness 
distribution curve for UTH with amplitude of 4 Pm has been compared with the conventional model. The numerical 
test associated with the amplitude 4 Pm has shown more uniform results than others. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown above in Fig. 7, the wall thickness is extremely non-uniform in the conventional hydroforming. The 
middle area of each side is the thickest part, and the thickness gradually decreases toward the corners and the 
thinnest region is formed near the free bulging zone. Similar thickness distribution has also been reported in the 
finite element results presented by [9]. Friction conditions are different in various parts of the wall, and more slip in 
the region close to the corners cause this non-uniform thickness distribution.  
Ultrasonic vibration excitation can totally change the thickness variation. In order to compare two different 
method of forming, in Fig. 7 the thickness variation is shown against the curvilinear distance of initial tube cross 
section. As it was showed at Fig. 1, in the UTH due to different mechanism in of the friction forces, the deformation 
is not identical in horizontal and vertical die walls. Thus, the contact lengths on these two sides are different, and 
even the thickness of the free expansion area will be non-uniform. 
Moreover, there were some jerks observed in the thickness distribution in Fig. 7 particularly in contact zone 
number 3 i.e. the gap formation area. FEM results shows location of these jerks is not constant and may vary by 
pressure increasing. Although in practice, due to the continuity of material, wall thickness will not completely 
follow this unsustainable pattern, but they can be indicative of non-uniform wall thickness. Increasing the amplitude, 
the jerks size increase. This indicates the limitation that the vibration amplitude must not exceed a certain limit, 
since after that a large separation between the die and tube wall causes the tube to be scratched and the process to be 
disrupted [4].  
The quantity of wall thickness distribution for both tests has been shown on Fig. 7. These values are calculated 
using variance function as Eq. 2: 
 
(2)  ^ `   
( )
 : 
1
t t
Var t
n


¦  
The calculated values for this function indicate despite observed jerks in ultrasonic graph, wall thickness 
distribution is over 58% more uniform than conventional case. 
0.36
0.38
0.4
0.42
0.44
0.46
0.48
0 0.005 0.01 0.015 0.02 0.025
Th
ic
kn
es
s (
m
m
) 
1 2 3 
Contact zone Free bulging zone Contact zone 
A= 4 
(Var = 3.81×10
-5 mm
)  
Fig.7.  
Classic 
(Var = 3.81×10
-5 mm
)  
Curvilinear distance (mm) 
97 S.E. Eftekhari Shahri et al. /  Procedia Technology  19 ( 2015 )  90 – 97 
5. Conclusion 
In this paper, the method of applying ultrasonic vibrations to the tube hydroforming die has been proposed. The 
aim of applying the vibrations is to improve metal flow and increase in the corner filling ratio. An analytical model 
defined based on the geometric relationship and state of stress and strain in the tube. Using this model, tube 
deformation was studied under internal pressure in conventional and ultrasonic states. By coding the analytical 
model, the amount of tube deformation and wall thickness were extracted at different points of cross section.  
By developing a finite element model of ultrasonic and conventional hydroforming processes the effect of 
vibration on the process were evaluated. Comparing the results of the analytical model and FEM helped us to better 
understand the effects of vibration on the hydroforming process. The results demonstrated the effects of ultrasonic 
vibration on reduction the yield strength are more significant than the frictional effects due to gap formation. In 
conventional hydroforming the results of analytical and FEM were in good agreement.  
The FEM results showed increase in the corner filling ratio of the square cross section tube using ultrasonic 
vibrations. Vibration was applied with frequency of 20 kHz and different amplitudes. When the amplitude increased, 
the corner filling ratio increased, although results showed large amplitudes lead to non-uniform surface. In addition, 
vibration changed the thickness distribution curve; So that if the vibration parameters are chosen properly, the 
vibration may provide a significant improvement in the uniformity of wall thickness. 
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